The Environmental Agency of Sao Paulo has a large dataset of carbon monoxide measurements: 20 years of records in 18 automatic stations inside the metropolitan area. However, a thorough investigation on the time evolution of CO concentration tendency and cycles also considering spatial variability is lacking. The investigation consists of a trend line analysis, a periodogram analysis, a correlation between CO concentration and meteorological variables, and spatial distribution of CO concentration. Local and federal policies helped in decreasing CO concentrations and the highest decreasing rate was 0.7% per month. This tendency is lately stabilizing, since the vehicles fleet is increasing. CO most relevant cycles are annual and diurnal and a few series indicate a weekly cycle. Diurnal cycle shows two peaks, morning and evening rush hours, 1.2 and 1.1 ppm, respectively, in 2012. However, lately there is an extended evening peak (20 h to 23 h), related to changes in emission patterns. The spatial analysis showed that CO concentration has high spatial variability and is influenced by proximity to heavy traffic and vegetated areas. The present work indicates that several processes affect CO concentration and these results form a valuable basis for other studies involving air quality modeling, mitigation, and urban planning.
Introduction
Air pollution caused by particulate matter (PM), which includes nitrates, sulfates, and black carbon, has been increasing in urban areas, particularly in low and middle-income cities [1] . The excess of air pollutants has adverse impacts on the population health, affecting mainly the respiratory and cardiovascular systems [1] [2] [3] [4] . Carbon monoxide, for instance, reacts with the hemoglobin in the blood and interferes with the oxygen transport, being also associated with low weight newborns and fetal death [5] . One of the major sources of air pollution in metropolitan areas is vehicular [1] .
The Advances in Meteorology has grown with a 100% higher rate than before and now has an annual growth rate of 6%. Until the middle of the last decade, fuel sales were also increasing at an annual rate of 10%. However, the fuel consumption is now stabilizing [8] .
The major source of CO and HC is light vehicles and, according to the Environmental Agency (CETESB), in 2014 the MRSP vehicular fleet was composed of 6.1 million lightduty vehicles (5.1 million private and 1 million commercial), 181 thousand heavy-duty vehicles, 57 thousand buses, and 896 thousand motorcycles [9] . Light-duty vehicles were responsible for 75% of CO emissions, heavy-duty were responsible for approximately 2%, buses for less than 2%, and motorcycles for 21% [9] .
The temporal and spatial variation of CO concentration is dependent on meteorological conditions as well as emissions patterns. Meteorological conditions are influenced by phenomena of different scales, as the diurnal evolution of the Planetary Boundary Layer (PBL), sea breeze, and synoptic fronts. Emission patterns are influenced by commercial days and hours, vehicle and fuel sales, and a variety of public policies (aiming on mobility, emission, production of vehicles, availability of fuel types, etc.).
A weekly cycle in CO concentration, an indication of vehicular emission influence, has been observed in many urban areas, including Sao Paulo, when the concentration is minimum during the weekend and then maximum on working days [8, 10, 11] . Maximums also occur during rush hours, reinforcing the modulation of CO concentration by traffic emission [8, 11] . Also, observations of CO concentration are strongly influenced by the proximity to traffic corridors [12] .
The influence of meteorological processes can be noticed by the diurnal and seasonal variability observed in CO concentration time series. Zvyagintev et al. [11] investigated the variations of air pollutants in London and observed that CO concentration is maximum during the cold season and in the morning rush hour. They also observed that the vertical mixing strongly influences the seasonal and diurnal variation of the pollutants concentration. Kramar et al. [13] have found a similar result for the pollutants in Moscow, where solar-induced convection moderates the concentration levels after sunrise, when the PBL develops, and enhances the concentration when the convective mixing stops after sunset, when the PBL collapses. Carvalho et al. [8] observed maximum concentration of CO during the evening rush hour, closely followed by another peak during the morning rush hour, for the MRSP, when averaging from 1996 and 2009.
The elevated concentrations of atmospheric pollutants and the concerns about greenhouse gases emissions lead to the development of public policies that aimed to reduce these emissions. Therefore, in 1986, the National Environmental Council of Brazil (CONAMA) created the Vehicular Air Pollution Control Program (PROCONVE) that established limits for the vehicular emission and forced the development of new technologies regarding fuels, engines, and car parts [14] . For light vehicles, PROCONVE implemented 5 phases starting in 1998 that would gradually decrease the emission factors of pollutants by the engines.
PROCONVE has proved to help decrease CO concentration in the MRSP, where it has not exceeded the air quality standard limit since 2008 and presents a decreasing tendency. Carvalho et al. [8] observed a decrease in 90% of pollutants emitted by light-duty vehicles from 1991 to 2010 due to this program. Pérez-Martínez et al. [15] observed that CO concentration decreased despite the increase in lightduty vehicle fuel sales. However, CO concentration is now stabilizing [16] , raising again the necessity of investigating this pollutant.
Since vehicular emission is also linked to mobility problems in urban areas, other public policies have been implemented locally. In the city of Sao Paulo, vehicles are restricted in the center of the city (delimited by the thick black line in Figure 1 ) during rush hours [17] , from 0700 local time (LT) to 1000 LT and from 1700 LT to 2000 LT, for one weekday, based on the last digit of the vehicle plate, since October 1997 (M. L. 12.490/97). There are also restrictions for heavy vehicles, during rush hours (M. L. 14.751/08). An inspection program was created in 2009 and discontinued in 2014 to condition the renovation of the vehicles licenses on the attainment of standard emissions (M. D. 50.232/08). Recently, a total of 440 km of dedicated bus lanes and 100 km of bicycle paths and lanes were implemented in Sao Paulo Advances in Meteorology 3 city and are expected to decrease the use of private vehicles as transportation [18] .
On the other hand, the vehicular fleet in the MRSP was estimated to be over 7 million vehicles (5 million light vehicles) in 2013 [19] . From 2006 to 2013, the federal government reduced the taxes on new vehicles twice, in an attempt to improve economy; however Wilbert et al. [20] concluded that it is not possible to state that the reduction of taxes exclusively increased the number of new cars sales and that other economic phenomena also helped in increasing these numbers.
CETESB has been monitoring the air quality since 1970s and has recorded CO measurements in 18 monitoring stations in the MRSP, providing a relevant dataset for analysis of longterm variations in CO concentration patterns and spatial variability. However, to our best knowledge, studies using this dataset have focused on linear trends or cycles representing an average behavior for the MRSP [8, 15] . This approach is useful to give a generalized behavior; however it does not allow for spatial variability analysis. The previous works also do not evaluate how the diurnal and annual cycles of CO concentration have changed. Therefore, the present study aims to perform a more complete exploration of the CO concentration evolution in time, using nonlinear fits for trend analysis, investigating the most important CO cycles and their evolution in time, and correlating CO concentration to meteorological variables, while also considering the spatial variability, by analyzing each station series separately and investigating their local characteristics. Since CO is mostly emitted by light-duty vehicles in Sao Paulo and is considered an inert tracer with an average lifetime of two weeks to two months [21] , its concentration patterns may provide valuable information regarding the effect of public policies on lightduty emissions. The result is a thorough analysis of CO concentration in the MRSP that can be used by other studies, such as air quality modeling, air quality mitigation, public policies effectiveness, decision-making, and planning. The datasets, stations characteristics, and the methodology of the analysis are presented in Section 2. Section 3 presents the results and discussion and the conclusions are presented in Section 4.
Methodology
This work used the database from CETESB, from 1 May 1996 to 30 Jun 2013. The database comprises 33 automatic monitoring stations inside the MRSP and, from this total, 18 stations have recorded CO concentrations, although some stations were installed after 1996 and others were closed before 2013. SP1, SP3, SP4, SP6, and OS stations ( Figure 1 and Table 1 ) have the longest time series, beginning in May 1996 and still recording, and SP11 has the shortest series, beginning in September 2012. Therefore, SP11 station was only included in the investigation of the correlation to the meteorological variables. The spatial distribution of the monitoring stations can be observed in Figure 1 and their characteristics are presented on Table 1 .
Nondispersive infrared sensors are used to measure CO concentrations and an hourly average is recorded with only 1 significant digit after the decimal point. To insure the quality of the measurements, the hourly average is recorded only when at least 75% of the measurements are valid [16, 19] .
There are 12 stations inside Sao Paulo city (SP1 to SP12), distributed among all the 5 zones of the city (north, east, south, west, and center), though more concentrated in the center and less concentrated in the east and south zones, and 6 stations in surrounding cities (SC, SAC, OS, TS, CA, and SAP), as displayed in Figure 1 .
The database for each station has hourly averages of pollutants concentrations and meteorological variables obtained simultaneously. However, most of the series does not have the 0500 LT average because the sensors are usually calibrated at this time of the day. The data recorded since 1998 can now be accessed at the Environmental Agency website [22] and the data from 1996 to 1997 were obtained through contact with the Agency.
Trend Line Analysis.
To better understand the trend in CO concentration, taking into account spatial differences, a tendency analysis was performed for each monitoring station. Monthly averages were calculated for each station and time series with these averages were produced. After that, a trend line was fitted and the coefficient of determination ( 2 ) was compared for linear, exponential, logarithmic, power, and second-and third-degree polynomial curves. The best fit was considered the one with higher 2 and the thirddegree polynomial was tested only when the second-degree polynomial was the best fit among the other types of curves. A hypothesis test was performed with a confidence interval of 95% for the calculations of 2 for the exponential fit. Therefore, values smaller than or equal to 0.05 indicated that the null hypothesis is rejected. The null hypotheses ( 0 ) represented the case where the calculated coefficient does not have statistical significance.
Periodogram Analysis.
A periodogram analysis was performed to investigate the most important periods of variation in CO concentration, using a python function (scipy.signal.periodogram). The periodogram represents the Fourier Power Spectrum Density of a time series and was used to find periodicity in CO concentration time series. This method uses a Fast Fourier Transform (FFT) technique to calculate the discrete Fourier transform of the time series and estimates the spectrum with the squared magnitude of this transform [23] .
The hourly average series were investigated to find gaps, since only a complete series could be used in the periodogram analysis. When there was only one record missing, for example, at 0500 LT (that was usually missing), it was filled by the average between the previous and the following record. If the previous or the following record were missing and there was at least three records for the same hour in the same month, the gap was filled by the average of the concentrations at the same hour of the same month. If a gap greater than 27 days was found, the series was divided. For example, SP1 station time Only series with more than 10,000 records were considered. After that, the periodogram was produced for each of the 29 resulting series and the 7 highest peaks were indicated. The peaks represent the periods with higher power spectrum density that indicate the more significant periodical variations in the time series. To complement this analysis, hourly and monthly averages were calculated for different years, to provide annual and diurnal cycles.
Correlation to Meteorological Variables.
The correlation between CO concentration and the meteorological variables was calculated using the available monthly averages and a hypothesis test was performed with a confidence interval of 95%. Again, values smaller than or equal to 0.05 indicated that the null hypothesis is rejected. The null hypotheses ( 0 ) represented the case where the calculated correlation coefficient ( ) does not have statistical significance. Only stations that had recorded CO concentration and one of the meteorological variables simultaneously were considered, totalizing 7 stations for air relative humidity and air temperature (SP1, SP3, SP8, SP9, SP11, CA, and SC) and 11 for wind velocity (SP1, SP2, SP3, SP5, SP8, SP11, SP12, OS, SC, CA, and SAC).
Then, a multivariate analysis was performed for 6 stations that recorded all the 3 variables and CO concentration (SP1, SP3, SP8, SP11, CA, and SC) using monthly averages. A regression equation relating all the 4 variables was found for each station, with a confidence interval of 95%. When a variable presented a value greater than 0.005, another equation was performed without the variable to achieve the 95% confidence interval.
Spatial Distribution.
Annual averages of CO concentration were calculated for each station and then a diagram was produced, using a kriging algorithm of the concentrations in respect to their geographical coordinates, to estimate a spatial distribution in an area comprising all the stations.
Results and Discussion

Trend Line Analysis.
To analyze CO concentration evolution, the first aspect is the trend. To help the analysis of these results, the stations are divided into 4 groups. The first one (Group 1 in Table 2 ) comprises the longer series, with more than 13 years of measurements; the second one (Group 2 in Table 2 ) comprises series that begin in 1996 and end before 2009; the third (Group 3 in Table 2 ) comprises series that begin after 2001 and have over 8 years of measurements; and the fourth (Group 4 in Table 2 ) comprises more recent series. CA and SP11 were not considered because their series are shorter than 2 years. All the stations in groups 1 to 3 have rejected the null hypothesis with a confidence interval of 95%, indicating that the analysis is 95% confident that the 2 value for the exponential fit is accurate.
Group 1 presented larger values for 2 , indicating that most of the variations observed in the series can be explained by the trend line and, consequently, that the impact of the PROCONVE implementation was more effective for these series. All series in Group 1, except OS station, were better fitted by a logarithmic function with a negative inclination. For example, Figure 2 shows the best fit for SP4, suggesting that the concentration of CO decreased drastically at the beginning of the series and then tended to stabilize (Figure 2(a) ). The exponential fit does not present a significantly different coefficient of determination and provides the increasing or decreasing rates in percentages per month. The largest decreasing rate for this group (∼0.7% per month) is found for SP7, which is located in the central area of the city. This rate is not very different from other stations of this group located near the center of Sao Paulo city, where traffic is usually heavy and the restriction police is in effect (e.g., the rate for stations SP1 and SP4 is 6% per month). 
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Only OS station time series presented a polynomial function as the best fit; however 2 does not differ much from the exponential fit coefficient. Therefore, it is possible to assume that the OS station series indicates a decrease rate of 0.4% per month.
The series in Group 2, SAC and SP5, were better fitted to a polynomial function and the exponential fit presents a decreasing rate of 0.3 and 0.5% per month, respectively. SP8 and TS (Group 3) time series were fitted to exponential curves, with decreasing rates of 0.3 and 0.5% per month, respectively. However, only a small percentage of the variation of the series may be explained by the curves for groups 2 and 3.
Group 4 presents a tendency of increase of CO concentration by the end of the series; however they have small values for the coefficient of determination and only station SP2 rejects the null hypothesis (with a confidence interval of 95%), meaning that they may have no tendency at all, as illustrated by SP9 series (Figure 2(b) ). The lack of tendency for this group may be a result of the length of the series, where other variations (seasonal) have more relative importance or may indicate again a stabilizing tendency.
To validate the analysis, the same process was performed using yearly averages (not shown here). The results corroborated the values presented in Table 2 , in the form of the trend line and in the equivalent decreasing/increasing rates. The results are also equivalent to the ones obtained by Carvalho et al. [8] ; however, as the authors only performed a linear regression, the changes in the decreasing rate (greater in 1996 and smaller lately) are averaged and thus neglected.
It is noticeable that the trend lines for older/longer series are strongly related to the effect of emission control policies, particularly PROCONVE. The implementation of the program included adequacy of catalysts, improvement of mixture formation, usage of electronic fuel injection, and electronic control module, associated with the renewal of the vehicular fleet, and has successfully mitigated the air pollution caused by CO. Nevertheless, during the series period, another public policy is in effect: the restriction of 20% of the vehicular fleet (by the last digit of the car plate) in the extended central area of the city of Sao Paulo (thick black line in Figure 1 ) during rush hours on weekdays. Although it is difficult to separate the effect of different policies, the stations that have the oldest records (Groups 1 and 2 in Table 2 ) and that are inside the restriction zone (SP1, SP4, SP5, SP6, and SP7, Table 1 ) present a larger decreasing tendency (from 0.5 to 0.7% per month) than the ones that have no restriction (SP12, SAC, SC, and OS-decreasing tendency from 0.3 to 0.4% per month). The exception is station SP3 that is located inside a park. This may suggest that the local policy helped in decreasing CO concentrations locally, particularly when added to the PROCONVE program.
Periodogram Analysis.
Since the trend line represents only part of the time evolution of CO concentration, other variations must be investigated. As previously explained, the series of hourly averages of CO concentration for each station were prepared to be used by a periodogram analysis. The periodogram for SP6 station (Figure 3 ), for example, shows peaks corresponding to 17.1 years, 12 hours, 1 year, 8.6 years, 5.7 years, 24 hours, and 7 days.
The 7 highest peaks for each series were analyzed and showed that the 24-hour, 12-hour, and 1-year periods are the most frequent of all values. As expected, the 1-year period is not present at shorter series. Therefore, the CO concentration evolution has strong semidiurnal, diurnal, and seasonal cycles. Some of the longest series present a period equal to their length, suggesting a strong tendency in time, related to the decreasing trend already analyzed. Other periods that appeared more than once in the analysis are 6 months (seasonal behavior) and 7 days (weekly traffic pattern).
The diurnal and annual cycles of CO concentration were then calculated by averaging CO concentrations for each year (considering all the stations) by hour (diurnal) and month (annual). Figure 4 shows these averages, considering only the oldest and the most recent years that have a representative data set (1997 and 2012). Even though in 1997 the average CO concentration is approximately twice the concentration in 2012, there are some similarities. The diurnal pattern (Figure 4(a) ) shows two peaks that represent the two traffic rush hours (maximums at 0800 LT and 2000 LT) and an evolution that corresponds to the PBL development. These two peaks explain why a 12-hour period was found in the spectral analysis. At 0600 LT traffic and concentration start to increase until 0800 LT. After that even though traffic is still heavy, the PBL grows and air is entrained from aloft, causing CO concentration to decrease. After a minimum (at 1400 LT in 1997 and 1600 LT in 2012), the concentration increases again, related to the increase in traffic and the beginning of the evening rush hour, peaking at 2000 LT, when the PBL has already collapsed (Figure 4(a) ). After this hour, an important change is observed between 1997 and 2012: while in 1997 the evening peak has a higher value than the morning peak and decreases immediately after 2000 LT, in 2012 the concentration is almost the same from 2000 LT to 2300 LT and it is smaller than for the same year morning peak, showing an expansion of the evening rush hour. In fact, this trend is observed through the years (not shown) and the difference between the 1900 LT average and 2300 LT average decreased in time from a maximum value in 1999 of 0.3 ppm to 0.05 ppm in 2012. Although it is difficult to identify the cause of this change, it may be influenced by the restriction policy that took effect in October 1997 (restriction during rush hours in the central part of the city) and by a change in driving behavior, showing that traffic has increased at night lately or that drivers may prefer to wait until after the restriction period (2000 LT) to drive home. Stations SP1, SP4, and SP6 seem to be causing this change, since they have changed their pattern accordingly (not shown here), and they are located inside the restriction zone. Another factor to consider is that the number of vehicles has significantly increased and traffic conditions have deteriorated, increasing emission of pollutants while vehicles are stopped in traffic. After 2300 LT, traffic decreases and so does the CO concentration due to the pollutant transport and dispersion mechanisms. Another interesting observation is related to the standard deviation, represented by the vertical line over each average. This deviation is caused by differences in the meteorological conditions (the average includes different seasons) and emission patterns (weekends, holidays, school breaks, etc.). Its value has decreased from 1997 to 2012, when the averages also decreased, except between 0100 and 0400 LT, when emission is much smaller and meteorological conditions and traffic patterns play a minor role, as the PBL is usually stable and its height is shallower than during daytime. The annual pattern (Figure 4(b) ) presents higher concentrations during austral winter (peaking in July), for both periods, and lower concentrations for the other seasons, with the lowest monthly average during austral autumn (March) in 1997 and austral spring (November) in 2012. The difference in the month of the minimum concentration suggests different atmospheric conditions. The standard deviation has also decreased in time, showing less variability (diurnal cycle, Figure 4(a) ) around the average.
Correlation to Meteorological Variables.
To evaluate the impact of meteorological conditions on the time evolution of CO concentration, the influence of the meteorological variables was analyzed by calculating the correlation between the CO concentration and each of the following variables: air temperature, wind speed, and relative humidity. The correlation was calculated using monthly averages of CO concentration and of each meteorological variable. The hypothesis test was also calculated (Table 3 ). Among 7 stations that measured relative humidity, only 2 rejected the null hypothesis, indicating that the analysis is 95% confident that the coefficient ( ) for these stations has statistical significance. The values of indicate only a weak inverse correlation, suggesting that the CO concentration is lower when the humidity is higher. This pattern is related to the seasonal cycle of CO that has higher monthly averaged concentrations during winter, when humidity in Sao Paulo is lower, and lower concentrations during summer, when humidity is higher. Another important phenomenon in Sao Paulo is the sea breeze that reaches the city 50% of the days of the year. The sea breeze usually brings moister, cooler, and less polluted air and may contribute to this inverse correlation.
When correlating the CO concentration to the air temperature, 5 out of 7 stations rejected the null hypothesis, three of them presenting moderate inverse correlation (CA, SP3, and SP8), and two presenting weak inverse correlations (SP1 and SC), indicating that CO concentration decreases when the temperature increases. This pattern is again related to the seasonal cycle of CO concentrations (higher during winter Table 4 : Regression equation for CO concentration (CO), temperature ( ), relative humidity ( ), and wind speed ( ). and lower during summer). However, it may also be related to the PBL development, since colder months tend to have lower PBL heights [16, 19] . For the wind speed, 11 stations were analyzed and only 4 fail to reject the null hypothesis. Most stations presented weak inverse correlation, except SP11 and CA that presented moderate to strong inverse correlation. These stations also presented a relatively higher averaged wind speed (not shown here) than the others (approximately 2 ms −1 ), indicating that the wind is more correlated to CO when its velocity is higher. High wind speeds enhance the turbulence and increase the dispersion and transport of CO, decreasing its concentration. When the wind speed is low, the CO emitted tends to concentrate near its sources.
A multivariate analysis was then performed to investigate the relative effect of temperature, relative humidity, and wind velocity on CO concentration. Table 4 shows the regression equation, the coefficient of determination ( 2 ), and the value of the equation. 2 is higher for stations with shorter and more recent time series (CA and SP11), probably because these series do not have a significant decrease in concentration caused by the PROCONVE program. Stations SP1, SP3, and SC presented values greater than 0.05 for one of the meteorological variables (wind speed, relative humidity, and wind speed, respectively-not shown here) and alternative regression equations were calculated without these variables.
Most of the coefficients are negative, suggesting that they are inversely correlated to CO concentration. Again, the only station that has a positive coefficient for temperature is SP11, indicating that the other stations present a positive correlation between temperature and relative humidity when using monthly averages. The wind speed has higher coefficient values, suggesting that it presents the greatest contribution to CO concentration. The multivariate analysis corroborates the previous correlation analysis. The meteorological conditions cannot be singly used to explain or forecast air quality conditions. They help, however, to understand temporal and spatial differences when combined with emission patterns.
Spatial Distribution.
Since there are significant differences among the stations regarding temporal evolutions and correlation to meteorological variables, a spatial analysis was performed using annual averages. Figure 5 presents the spatial distribution of CO concentration annual average for each station in the MRSP for 3 years: 1997, 2008, and 2012. These years were chosen because 1997 is the first year that has a complete series, 2012 is the last year with a complete series, and 2008 is the least recent year with the greater number of stations. An overall decrease of the concentration with time is noticeable for almost all stations.
Annual averages do not follow a spatial pattern. For example, stations SP3 and SP9 are farther apart than SP3 and SP4 and yet the former stations have similar averages, while SP4 has the highest average among them. These differences seem to be related to traffic intensity and proximity, since the correlation between each meteorological variable and CO concentration is mostly weak or nonexistent and greater scale meteorological phenomena, such as cold fronts, sea breeze, and synoptic events, are expected to affect the whole MRSP similarly. Some stations present the highest values throughout the years (SP4 and OS) while some others sustain the lowest values (SP12, SP3, SP2, and SP10). A visual analysis of the stations surrounding areas using satellite images indicates that the stations with high annual averages are located near heavy traffic highways and scarcely vegetated areas ( Figure 6 in the Appendix). Besides that, SP4 is near an airport that has a daily average of landings and takeoffs equal to 585 [24] . On the other hand, the stations with low annual averages are located inside areas with less traffic and more vegetation, as parks, university campus, or sports club ( Figure 7 in the Appendix). SP9 shows a slight increase of the annual average from 2008 to 2012 (the station was not operating in 1997), already pointed by the trend line analysis. The cause of this tendency may be an increase in emissions due to urbanization and/or increase of local traffic, since the station is located near a highway, even though there are some vegetated areas nearby ( Figure 8 in the Appendix). Figure 5 also shows that the spatial variability of CO concentration is still high, since the highest annual average in 2012 (1.4 ppm-OS station) is three and a half times greater than the lowest annual average (0.4-SP10 station). This result indicates which are the areas that impose greater challenges for mitigation and planning policies. It may also suggest that other cities (e.g., Osasco-OS station) may benefit from implementing some kind of traffic restriction as Sao Paulo did.
The observed spatial distribution of the CO concentration and the complexity of the urban mosaic found at the MRSP suggest that there are spatial details that are missed by the present monitoring network, particularly considering the scarcity of stations in the east and south zones of the city.
Hence, the use of a numerical model may be the solution to further investigate the patterns of spatial distribution and temporal evolution of CO concentration at the MRSP. The present analysis shows that the local characteristics of each station must be considered when comparing results from numerical models to the observations, or when using the recorded data for decision-making processes. It also indicates that a careful representation of emission patterns, land use types, and spatial distribution of sources are key in studying and modeling air quality in Sao Paulo.
Conclusions
In this work, 17 years of measurements taken by 18 air quality monitoring stations in the MRSP were analyzed in respect of temporal evolution and spatial distribution, aiming to present a thorough investigation about the temporal trends and cycles of CO concentration and their relationship to meteorological conditions and to local factors, to provide a better understanding of CO concentration patterns for modeling and policy studies.
Although it is difficult to link the CO concentration tendency to the public policies, the temporal evolution and the periodogram analysis pointed out that the federal control program (PROCONVE) was able to decrease the concentration of this pollutant at rates from 0.7 to 0.3% per month from 1996 to 2013. This program was probably aided by a local policy in the city of Sao Paulo that prevented the traffic of 20% of the vehicles in the central area of the city, during rush hours in weekdays. The vehicular inspection, implemented in 2009, may have also helped the decreasing tendency of later years, although it is not possible to determine its exact effect by the present analysis. Recently, the concentrations presented a stabilizing (or even localized increasing) tendency, probably caused by the increasing amount of vehicles, suggesting that other forms of public policies must be implemented, following recent attempts, that aim to reduce private vehicular transport and increase the use of public transportation, as well as establishing smaller emission factors for pollutants.
The periodogram analysis shows that the most important periods of variation of CO concentration are 1 day, 12 hours, and 1 year, suggesting that CO follows a diurnal and an annual cycle. Both cycles present an influence of the decreasing tendency mentioned above; however the diurnal cycle has evolved to a different pattern. The evening rush hour seems to be extended, indicating a change in driving behavior, caused by the restriction period (from 1700 LT to 2000 LT), particularly for stations located inside or near the restriction zone. For modeling purposes, a weekly cycle may also be considered. These results, combined with the investigation of the correlation of the CO to humidity, temperature, and wind speed, suggest that CO concentration is greatly influenced by traffic emissions and PBL development, because when the vertical mixing is expected to be higher (during the afternoon and during spring/summer months), CO concentrations are lower, and when the PBL is less developed (during mornings and after sunset, particularly during winter), the CO concentrations are higher. Wind speed was the variable that presented higher correlation to CO concentration, particularly for stations with higher averaged wind speed.
The spatial distribution reinforces the dependence of CO concentrations on traffic emissions and local effects, like presence of vegetation, proximity to heavy traffic, facilities, and so forth. Some areas, such as SP9 station, indicate the necessity of mitigation policies. Depending on the causes for the increase in CO concentration, the actions may range from improving public transport infrastructure to developing educational programs that encourage the use of public transportation. This result indicates that a numerical study, through an appropriately detailed urban model, could enhance the understanding of CO spatial distribution in the MRSP. It also suggests that the characteristics of each station need to be considered when analyzing these data, either for model validation or for decision-making purposes.
The present work has provided a complete analysis of the temporal and spatial evolution of CO in Sao Paulo that can be used as verification for modeling studies and as basis for policy efficiency studies and decision-making processes. The analysis provides evidence of changes in CO concentration tendency and diurnal cycle and considerable spatial variability within the metropolitan area. However, more investigation is needed to establish the relative contribution of local characteristics, meteorological conditions, local and federal public policies, and changes in driving behavior in determining the evolution of CO temporal evolution and spatial distribution in the MRSP.
